AR-TR8936 APR2020

Aerodynamic Design Optimization of Long
Range Projectiletlsing Missile DATCOM

by Joseph D Vasile, Joshua T Bryson, and Frank E Fresconi

Approved for public release; distribution is unlimited.



NOTICES

Disclaimers
The findings in this report are not to be construed as an official Department of the
Army position unless so designated by other authorized documents.

Citation of manufacturer 6s or trade name
endorsement or approval of the use thereof.

Destroy this report when it is no longer need2d not return it to the originator.



ARITR8936 APR2020

Z DEVCOM

Aerodynamic Design Optimization afongRange
ProjectilesUsing Missile DATCOM

Joseph D Vasile, Joshua T Bryson, and Frank E Fresconi
Weapons and Materials Researdbirectorate, CCDC Army Research Laboratory

Approved for public release; distribution is unlimited.



REPORT DOCUMENTATION PAGE oo Approved

Public reporting burden for this collection of information is estimated to average 1 hour per response, incltidiegfoheeviewing instructions, searching existing data sources, gathering and maintainir}
data needed, and completing and reviewing the collection information. Send comments regarding this burden estimateraspegott this collection of mfmation, including suggestions for reducing thi
burden, to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Red88) Q25 Jefferson Davis Highway, Suite 1204, Arlington, VA 222812,
Responénts should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty tocdailply with a collection of information if it does not display a currently
valid OMB control number.

PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATEDMM-YYYY) 2. REPORT TYPE 3. DATES COVERED (Frdim)
April 2020 Technical Report 1 June 20181 August 2a.9
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Aerodynamic Design Optimization @bng-Range Projectiledsing Missile

DATCOM 5b. GRANT NUMBER

5c. PROGRAM ELEMENT NUMBER

6. AUTHOR(S) 5d. PROJECT NUMBER
Joseph D Vasile, Joshua T Bryson, and Frank E Fresconi

5e. TASK NUMBER

5f. WORK UNIT NUMBER

7. PERFORMING ORGANIZATION NAME(SABNRESS(ES) 8. PERFORMING ORGANIZATION REPORT NUN
CCDCArmy Research Laboratory

ATTN: FCDD-RLW-LE ARL-TR-8936

Aberdeen Proving Ground, MD 21005

9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S ACRONYM(S)

11. SPONSOR/MONITOR'S REPRBVIBER(S)

12. DISTRIBUTION/AVAILABILITY STATEMENT
Approved for public release; distribution is unlimited.

13. SUPPLEMENTARY NOTES
ORCID ID(s):Joseph D VasileD000-:0003 38126277 Joshua T Brysqro006:000207536823

14. ABSTRACT

The goal of this study was to utilize a quick and robust ssmpirical aerodynamics prediction code (Missile DATCOM) t
optimize and improve understanding of the flight performancéfarrange guided projectiles. Multiple optimal designs
werefound based on flow regime (i,subsonic or supersonic), projectile geometry,(d@meter, lengttio-diameter, and
ogive length), and control configuration (e.g., Bdely). A weighted multiobjective Particle Swarm Optimization algorithn
was implemeted to find the control surface sizitigatmaximized the liftto-drag, minimized drag, and met a static margin
value for the vehicle at a given body angle of attéekinviscid computational fluid dynamics solver (i.e., Cart3D) was
applied to the optimatonfigurations and combined with the seemipirical predictions in a formal manner to improve the
accuracy of the aergdamic model and coefficient§hese aerodynamics underpin b8tand6 degreeof-freedom
simulations to evaluate flight performandée results from the higher fidelity aerodynamic simulations showed good
agreement with the seraimpirical aerodynamic predictions. Outputs of the optimization routine along with the
comprehensive flight characterization indicated that the optimization agpie an efficient tool for producing favorable
long-range gliding projectiles.

15. SUBJECT TERMS
Particle Swarm Optimizatigmerodynamic design optimizatidiff-to-drag,long-rangeguidedprojectiles,Missile DATCOM

17. LIMITATION | 18. NUMBER 19a. NAME OF RESPONSIBLE PERSON
16. SECURITY CLASSIFICATION OF: OF OF )
ABSTRACT PAGES Joseph D Vasile
a. REPORT b. ABSTRACT c. THIS PAGE UU o7 19b. TELEPHONE NUMBER (Include eudle)
Unclassified | Unclassified Unclassified (410) 3061794

Standard Form 298 (Rev. 8/98)
Prescribed by ANSI Std. Z39.18



Contents

List of Figures \Y
List of Tables v
Acknowledgments %
1. Introduction 1
2. Vehicle Configurations 2
2.1 Baseline Body Projectiles 2

2.2 BodyFin Configurations 3

2.3 Optimization Tools 4
2.3.1 Particle Swarm Optimizatigi*SO) 4

2.3.2 Missile DATCOM 7

2.3.3 Optimization Architecture 8

2.3.4 Optimization Problem Definition 8

2.3.5 Objective Funtion 9

2.4 Aerodynamic Characterization Using Higher Fidelity Simulations:
Cart3D 9

3. Results and Discussion 10
3.1 Aerodynamic Design Optimization 10

3.2 Aerodynamic Char&erization of Optimal Design 12

4. Conclusion 14
5. References 15
Nomenclature 17
List of Symbols, Abbreviations, and Acronyms 19

Distribution List 20



List of Figures

Fig. 1

Fig. 2
Fig. 3

Fig. 4

Fig. 5

Fig. 6

Optimal BodyFin configuration for a 4nch diameter, lengtto-
diameter of 10, and ogive length of 30% of overall length projectile,
for a) subsonic and b) supersonic speeds............cccceevvviceeeeee 4

PSO particle velocity and position update scheme...................... 6

Computational domains for given optimal designs used for Cart3D: a)
SUbsonNIC and D) SUPEISOMIC...........uuuuuuueiiiisieemrrrrriiee e e e e e eeeaeean 10

Lift -to-drag ratios oboth optimal a) subsonic and b) supersonic
designs for BodyFin configuration of 4nch diameter, lengtko-
diameter of 10, and an ogive length of 30% of the overall lengtihl

Axial force (ab), normal force (@), and pitching moment @

coefficient across angle of attack and Mach number for both subsonic
(a, ¢, e) and supersonic (b, d, f) optimal designs for Bedy
configuration computed from Missile DATCOM (solid) and Cart3D
(ABSNEA)...... e 13

Updated liftto-drag ratios of both optimal aubsonic and b)
supersonic designs for Bodiyyn configuration of 4nch diameter,
lengthto-diameter of 1 0, and an ogive length of 30% of the overall
[ENGLN ... e ———— 14

List of Tables

Table 1
Table 2
Table 3
Table 4

Parameters for baseline body projectiles..........cccvvvvviiiieeciinnnne. 3
Fin set design parameters for Beldiy vehide configuration............ 4
PSO algorithM.......oeeeiiiieice e eeeeeee e 6

Summary of optimization routine for a given vehicle configuratibh



Acknowledgments

The authorsvould like to thank Mdoshua Doyl@and MrChristopher Rosem& S
Army Combat Capabilities Development Comma@€DC) Aviation and Missile
Center, for their help and discussions regarding Missile DATMCfdndamentals
and techniquesThis work was supported in part by a grant of hpginformance
computing time from the 8 Department of Defense (DOD) High Performance
Computing Modernization programtae CCDCArmy Research LaboratoByOD
Supercomputing Resource Center (DSRC), Aberdeen Proving Gidamgdand,
and theUS Army Engineer Research and Development Center, stigiqg,
Mississippi



1. Introduction

Recently there has beemreat emphasison investigating technologies and
methodologies that can extend the weapon ranggiided munitions in order to
provide beter coverage of th battlefield . The primary focus of the current work is
to developan efficientdesigntool thatprovides flight vehicle designs that exhibit
favorable aerodynamiperformance(i.e., high lift-to-drag) in order toreach
significant rangesThe typical designmethodof guided muitions is an iterative
procesghat begins with a baseline concémtundergoes continuahodifications
until peformance requirements are m&he aerodynamic portion of the design
process requiresa considerable amount of duations (e.g, wind twnnel
experimentscomputational fluid dynamicBCFD], flight trajectorysimulation),
and ultimately may not resulin the optimal configuration More recently,
aerodynamic design optimization methdumsvebecome moréntegrated intdhe
design process, resulting liretter finaldesignswhile drasticallyreducing time and
costs.Several studies have used optimization to determinextegior shapée.g.,
nose)as well assizingof control surfacege.g., canard and tail fin planform area)
of bothguidedand unguidednissilesto maximizeflight performance”®

A weighted multiobjective Particle Swarm Optimizatigqi®SO) algorithm was
implemented to find theontrol surface sizingf a projectileata given body angle

of attack PSO is a stochastic, pdation-based computer algorithm tregiplies the
concept of swarnintelligenceto problem solving'® Swarm intelligence is the
property of a system whereby tleellective behaviors oparticlesinteracting

locally with their environment cause coherent functional global patterns to emerge
A physical analogy might be a swarm of bees searching for a food seactebee
makes use of its own memory as well as knowledge gained by the swarm as a whole
to find the best available food souft€ompared to other optimization techniques,
PSO is a simple algorithm that cdoe implemented fairly easilyPSO is a
metaheuristic,gradientfree optimizationmethod that is very useful for many
practical engineering design applications where gradiias¢d methods encounter
difficulties (e.g., nordifferential functions, disconnected or discrete feasible space,
multiple localextrema. Although PSO is gopulaton-based algorithm, it works

well with relativelyfew particles ¢.g., 10tad0)andt her e ar e na fAgener at
selection operationglesgn variables are dkctly updated each iteratioBeveral
studies have been explored to improve the performarR80©f including adjusting
parameters of the search behavior, or modifying the algorithraltimately
improve convergencefficiency % 12



Most studies that apply optimization methods to determine aerodynamic shapes
incorporate a computationally inespsive tool to evaluate designsiig is due to

the inherent nater of any optimization algorithm.HE evaluation of each new
design is necessary to determine if the current design is suitable for the given
objective.Therefore, in order to maintain efficienapd time savings, either semi
empirical aerodynamic predictiofSEAP) codes or Euler CFD solvers®14 are
incorporated with optimization methods to determine optimal aerodynamic
designs.

In the current work, mautomatedlesign optimization routine was developed and
implemented to recommerakrodynamicharacteristicgi.e., size of the control
surface¥ to maximizethe lift-to-dragratio (L/D) for eachprojectile for agiven
diameter, lengtito-diameterratio, and ogiveéngth.Specifically, he PSOmethod
incorporated withthe SEAP code Missile DATCOM® to determine the optimal
design for eachonfiguratonAd di t i onal l 'y, NASAG6s Cartesian
package Cart3f5 was used tdurther analyze each optimal desigA. formal
procesgo combine these multiple sources iattagodynamic dataset is outlined.
This aerodynamic model atioesecoefficients underpiboth 3-degreeof-freedom
(DOF) and 6DOF modelingFlight trajectorysimulationsarenecessario evaluate
flight systemperformance.

2. Vehicle Configurations

The focusof the research was to determine the opticoalrol surfacelesign for a
given vehiceé configurationMultiple vehicle configurationscorporating different
control configurations (i.e.canards, wings, and fingjereinvestigatedhowever,
only the Body-Fin configuration will be addressed this report Recent results
from flight trajectory simulation indicate that tdith control flight vehicles perform
better inextending range than comparedcanardcontrol configurationsMore
detailsregarding the optimization process for both Bdédy-Canard and Body
Fin-CanardWing vehicle configurations are discussed in Strohm éf.Febr each
vehicle configuration, the control surface size, shape, and location was found for a
given axisymmetricbaseline body shape based on diameter, |etogiiameter,
and ogive lengthas well as for Mach regime of interest (i.e., subsonic or
supersonic)

2.1 BaselineBodyProjectiles

The general size of thbaselinebody projectileis determied based on values of

diameterof the center body portion of the projectilee., 3, 4, 5, and 6inches,

lengthto-diameterratio (i.e., 6, 8, 10, and 12) and ogive dgim (i.e., 0.3 and 0.5 of
2



OAL). A total of 32 body configurations were optimizedr feach vehicle
configuration.The overall length of the flight vehicle (OAL) is determined based
on the given diameter ahehgthto-diameter parameterghe nose tipvasmodeled

as a blunt nosdefined by aluntness radius that is 0.1 of the diameter.,(0.1
caliber).The VonrKarman ogive nose shape was used, with the length of the ogive
section defined by the percentage of overall length of the projettiéecenter of
gravity location of the flight vehiclewasdefinedto be 0.60f the OAL from the
nosefor all configurations This center of gravity value estimate whased on
preliminary airframe solid modeling conjunction with subject matter expertise.
The body sectiomwasmodeled as aanstant axisymmetric cylindeAdditionally,

a7° boattaiwasmodeledobeginning0.5 calibeforward of the bas@ he parameters
that were used to determine each baseline body projectile are ligtadlenl

Tablel  Parameters for baselinebody projectiles

Nose Boattail

Diameter Length-to-  Ogivelength bluntness Noseogive lenath
(inch) diameter of OAL radius shape 9
(cal) (cal)
[3,4,5,6] [6,8,10,12] [0.3,0.5] 0.1 Von-Karman 0.5

2.2 Body-Fin Configuratiors

The optimization routine was implemented to determine the sizitigeaiontrol
surfacedor each baseline body projectifeor the BodyFin configuration, theih

set geometry was optimized specific set of constraints were placed on the
number and ovatl dimensions of the finsof each vehicle configuratiomhe
Body-Fin configurationwas constrained to a total number of 4, 6, ofirg. All
control surfacesvere modeled as simple hex fin cross sestiwhere aeading
and trailing edge wedge were ohefd as 0.2®f thechord length each with a flat
section defined as 0&f the chord length aboth root and tip of the firA total
thickness of 4 mm during the flat sectikmm all control surfacewas used.

The number of design variables are specific to e&ticle configuration and are
constrained based on speed regime of inteFesttheBody-Fin configuration at

the subsonic flow regime, in which the objective function was optimized across
subsonic MacHi.e., Mp = 0.5 to 0.9), the fin root chord was able to vary from
1i 3 cal, and the tito-tip span of the fin was able to vary from 1.1 to 2 cal or a
maximum legth of 0.2032 m (i.e., 8 ameg. Whereas, for the supersonic flow
regime (i.e., objective fugtion optimized across M= 1.2'4), a fin sizing rule
where the tipo-tip span was constrained tar&hes(i.e., 0.2032 m) but the fin

3



chord was able to vary fromt8 8 calibers was implementeebr all subsonic flow
regime cases, the leading edweeepangle of the fingvasset to60°, whereador

the supersonic flow casadeading edgeweepangle 0f83° was usedA schematic

of the optimal BodyFin configurations for a given baseline body projectile for both
speed regimeof interest is presented Fig. 1L The parametershat were used to
determine the fin sdor each configuratioare listed inTable 2

Fig.1  Optimal Body-Fin configuration for a4-inch diameter, length-to-diameter of 10, and
ogive length of 30% of overall lengthprojectile, for a) subsonic and b) supersonic speeds

Table 2 Fin set design jarametersfor Body-Fin vehicle @nfiguration

Vehicle No. of Fin chord Fin span Fin LE angle
configuration fins (cal) (cal) 9
Body-Fin [4,6,8] [1-3] (Mp=0.50.9), [1.1i12 or 0.2032  [70°] (Mp =0.510.9),
[3-8] (Mp=1.214) m] [83°] (Mp=1.24)

2.3 Optimization Tools

2.3.1 Particle Swarm OptimizatioiPSO)

The essence of th@SO algorithmis that each particle in a swanmpresents a

design point thatan movein the given designspace(defined by the number of

design variabledpoking for the best solutioe ac h par t iislpdated posi ti o
based on the memory of each particle as well as the knowladwzdy the swarm

as a wholeThe basic formulation of the algorithiswpdatinga par ti cl ebds posi
and velocity at each iteratioruntil convergence is achievedhe scheme for

updating the position of each particle is shown inEq

@ o 0 wd )



wherew andw represents the position of partidlat iterationk + 1 andk,
respectivelyand0  representshie corresponding velocity of the particlene
velocity of the particle is defined in EB,.

0 WO VL VWO @ /| ® i ® )
wherer: andr; are ralom numbers between 0 andl1,is the best position found
by particleisofar,j i s t he swar mdés best kmpaigthei cl e posi
current motion of the particl@, is the inertia bthe particlec: is the cognitive
parameter (confidence in itself), anglis the social parameter (confidence in the
swarm).The inertiaweightof the particle0 , controls the exploration properties
of the algorithm (i.e., larger valuemablemore global search behavior, whereas
smaller values resulbh more local search behaviofjhe original PSO algorithm
sets constant values for , c1, andcy; however further researchasdemonstrated
improved performance when the inegiarametemwas set to be adaptidenertia
valueswould decrease as the algorithat gloser to the optimal solution in order
to avoid overshooFurthermoresetting the confidence parametexsandc,, equal
to each othewas alsdound to improve performanci the current worke: and
co werebothset to 1, and the inertia @aneter was set to be adaptiVeeadaptive
inertiaweight factordeveloped by Qin et. &.was implemented and is shown in
Eg 3.

O p | — 3

wherelUbsois a positive constaritetween 0 and 1 and is setQ@ in the current
study, andISAis defined as the Individual Search Abittjor each particland is
expressed in Edt.

oY — 4)

where’ is a positive constant close to zero, (i.e. p p 1 ). ThelSAallows

for the particle to dynamically adjust to either increase or decrease the inertia
weight depending on the relationship betwaem) , andr at each iterationf w

andn are close anthr fromn , ISAdecreasesnertia weighincreass, and global
exploration behavior is enhanced to avoid convergence to a local gptineskas

if 0 isfarfromr andn isclosetor) , ISAincreasesndinertia weight decreases

to reduce the global exploration behavior

Figure Zillustrates the®?SOvelocity and position update schefoe each patrticle.
Table 3summarizes theSOalgorithm.

5



Fig.2  PSOparticle velocity and position update scheme

Table3  PSOalgorithm

1. Initialize a set of particle positions), randomly distributed throughout the desi
space, and randomly assign velocities, to each particlepr assign zero initia
velocites

2. Evaluateeach particlés position using thebjective function™Qw

3. Update the best particle positiap,, so farfor each particlgthe best particle position i
the current swarmn , and the adaptive inertia weight factor,

4. Calculate the updated velocity vector for eachiglartn the swarmp

5. Update the position of each particle using its previous position and updzteity,
@

6. Repeat stepsiB until a desired convergence criterismmet

The initial swarm is generated by randomly distributing the sepaficles
throughout the design ape.The position of each initial particle is presented in Eq
5.

A (5)

wherery is a random number between 0 andadd Xmin and Xmax are the lower

bounds and upper bounds of each given design VariegspectivelyThe initial

velocity for each particle) , was set to zerd'hese positions are then evaluated

through the objective function to determine which particle has the lobst galue

in the current swarm) ,aswellagotracke ach particlebg§.best posi
The velocity of each patrticle is then updated using the relatiosBbipn inEg. 2,

which in turn results in a new position for the next iterasee Eql). These new

particle positions are then reevaluated through the objective fun@efmed

later), and a new set of velocities and corresponding positimsa@nputed for

6



each particle This processf velocity update, position updatend evéuation

repeats untila convergencecriterion is met The convergence criten for the

implemented PSO algorithns based on the variance ofhe swar més fitne
presented by Tiatf The convergence critem is met when the variance of the

function values are below a certain tolerance ,(le. p p ). The

convergence critesn used is presented in Eg}

f (6)

where"Qis the fitness of thé" particle, (i.e.,"Qr) ), "dis thecurrent mean fitness
of the swarrr(i.e.,B—), andn is the nunber of particles in the swarrm the

current study, a total of0D particles were used in the swariie optimization
routine terminates when the particles in the sweomverge tdhe same point in
the design space, in which the variance of

2.3.2 Missile DATCOM

The analysisand rankingof each configuration need to be completed fairly
quickly since PSO utilizes many particles (or design points) in the swarm
population per iteratiorand carries the swarm population ford/ar time for many
iterations.As thestatic aerodynamiforces and momentsom multiple angles of
attack needed to be computed inordertoassssdx onf i gur ati onds fitne
on the given objective function at each iteratio8EAPcodewas desirable since
all aerodynamic coefficients for a given configuration could bmpded in a
mater of secondsThe SEAPcode Missile DATCOM (release 2013yvas used to
predict the aerodynamic forces and moments for all configuratioh2 ktach
numbers (i.e.Mp = 0.1, 0.2, 0.4, 0.6, 0.8, 0.9, 1.02, 1.2, 1.5, 2, 3, 4) asdvan
angles ofattack( U = 0 A,8° 208 and A, 6 A,

Missile DATCOM is an engineerinlgvel computer program for estimating
aerodynamic stability and control characteristics of cotiweal missile
configurationslt utilizes both theoretical and empirical methods to encompass the
entire speed regime frosubsonic to hypersonic flightn previous versions of
Missile DATCOM, predictions of vortekn interactions (i.e., shedding vortices
from upstream control surfas impacting downstream tail fins) were poor due to
insufficient modeling capabilitieddowever, morgecently, the USA\rmy Combat
Capabilities Development CommaaAgiation and MissileCenter (CCDEAVMC)
hasmade significant improvements to the vortex mimgecapabilities, including
improved finshed and bodghed vortex modefs'?° These improvements allow



for better predictions of complex flow interactions, such as vergsced flow
phenomena (e.g., induced roll for canaahtrolled projectiles).

2.3.3 Optimization Architecture

The entire optimization routine was written in and execusidg MATLAB?! on

a standalondaptop MA T L A Blijextoriented program definition was used to
efficiently create the input files for eadesired design configurati. Additionally,
the parallel processing computingolbox was utilized to execute Missile
DATCOM in parallel (i.e.four workers) in order to quickly compute the swarm
particles for a given itation. The FSO algorithm automaticallysteeredthe
optimization process includinginitializing the swarm, evaluating the fitneks
each design configuratippreparing andexecutingthe Missile DATCOM runs
and updating the next swarm of design configuratidine static aerodynamic
coefficients from eeh Mach number andangle of attack for each design
configuration werethen collated, and evaluatedhrbugh the objective function.
After the fitness of each configuratiowas evaluateda new swarm of design
configurations were selectetihe process repeat until the convergence criten
was met.The optimization routine was repeated for eatthe 32body baseline
projectiles presented ifiable 1 for each vehicle configuration (e.@ody-Fin).

2.3.4 Optimization Problem Definition

The PSO algorithm was implemented to solva weighted multobjective
optimization problem for each studibdseline body projectile (i.e., diamefdt,
lengthto-diameter[l/d], and ogive length[lo]) for a given vehicle configuration
(e.g, Body-Fin, Body-Fin-Canard) The optimal configuration is the design that
maximizes the weighted objective functiomaximizeslift -to-dragratio, minimizes
drag, and minimizethe residual between the static mar@ia., distance between
center of gravity and center of presslaegtions) of the vehicle to a desired value
at a given bodwngle aeither subsonic\lp = 0.11 0.9) or supersonidp = 1.2 4)
speedsEachvehicle configuratiomas a specifiset of design variables (e.g., chord
and span of control surfacthat can beptimizedfor each baseline body projectile
studied ThePSQalgorithm together witMissile DATCOMwas used to determine
the optimal configuratias



2.3.5 Objective Function

The goal of the optimization procesgdasdetermine the flight vehicle desigmat
maxmizes the objective functionA weighted sum objective function that
combines the lifto-dragratio, drag, and static margin valfie., i C/Cy) for given
vehicle desigrat a body angle of attack 8f was studied and is presented in Eq

Vv BO - 0 - 0 Q— 7

where thew: is the weight for théft -to-drag values, which was set to be;2i7 is
the weight for the drag terms, where the inverse drag vedsemaximizegdwhich
was set to be 1j/7and ws is weight associated to the piecewise exponential

function,”"Q — , which wasset to be 4/7.

For both liftto-drag ratio and drag, the sum of each eesipe value was sunmed
across Mach number studidéithe static margin valuat these flight conditinswas
then evaluated througha piecewisenatural exponential function defined as

"Q — (i.e., combination of €ande™), which produced a maximum value af

when theexponent of the function (i,@he difference of the exhibited static margin
value of the configuratiofrom a desired static margin vajuequaled0 at each
givenMach numberThe desired static mgin value was set to legther 1 (subsonic
regime)or 0.3 (supersonic regimajalibersfor each Mach number of interest at a
body angle of attac&. The & body angle was selected to match the predicted trim
angle for the vehicle; it is expected that the Bé&aly configurations would trim at
approximately 8with trailing edge flap defleatin. The constraints of the objective
function were constructed such that the design configuration can be evaluated for
staic stability. If a configuration was unable to meet the constraints, the objective
function returned a large negative value such ttatoptimization routine would
naturally deviate fronthe givendesign point.

2.4 Aerodynamic Characterizatiotsing Higher Fidelity
Simulations Cart3D

After an optimal design was found, higher fidelity simulations were performed to

evaluate the accuraof the optimizer as well as the performance of the optimal
designNASAOGs Cartesian Eul er (CHFEIPwasmused ysi s pac
to perform aerodynamic analyses for a subk#tefound optimal geometrieBor

each given optimal design, staticd@dynamic coefficients from multiple angles of

attack were computedThe Euler code was desirable since static aerodynamic

coefficients for a given angle of attack could benpated in a matter of minutes.

9



Cart3D quickly creates a Cartesian computational ground the geometry after
settingthed mai nds e xt e nThe @ateds i able w lautamatioatly.
increase fidelity of the domain near small features and curvature of the geometry,
therefore better resolving the flow faads present near tlsairface.The domain
extendedipproximately 14 projectile lengthsall directions from the center of the
projectile, and the smallest typical grid size for the donveas approximately
1x1x1mm(Fig. 3. Mesh densityegiors weredefinedto refine themeshnear

the surface as well as in tinake region in order thelp resolveflow structures

The typical computational domain consisted of approtetgd 0 million Cartesian

cells Once the mesh is generated, the flow solver (flowCart) exploits thedsatu

of the Cartesian grid to quickly compute aerodynamic forces and moments
expeienced by the configuratiorsince the Euler equations being solved do not
include the viscous components, the Cart3D analysis package provides only
inviscid aerodynamic coefients.The drag force computed by the inviscid solver

is the least accurate since the drag computed neglects thibatorh due to skin
friction.

(2) (b)

Fig.3  Computational domains for given optimal desigrs used forCart3D: a) subsonic and
b) supersonic

3. Results and Discussion

3.1 AerodynamicDesignOptimization

The optimizerntypically converged to a design approximateiyhin 50 iterations
when using 10 swarm particledor a givenvehicle configurationThe optimal
design for théBody-Fin configurationfor a given baseline body projectile ofrth
diameter, lengtito-diameter of 10, and ogiMength of 30% of the overall length
of the projectildor bothsubsoniand supersonispeedsverefoundandpresented
in Fig. 3a and b, respectively

10



The results of the optimization routine tbe given BodyFin Configuratios (i.e.,
d=4inchesl/d = 10,l, = 0.3) aresummarizd in Table 4 The optimization routine

was able to findhe desigrthat maximizedhe weighted objective function at an
assumedbody trim angleof 8° for the given Mach regime of intere$he optimizer
trended towards the maximum span constraint for all designs in order to maximize
the lift of the vehick. For the given body configuration, both subsonic and
supersonic designonvergd to the maximum-&éch fin span.Thefin chord for

the supersonic configuration was then sized based on the calculated center of
pressure location of the vehicle, such that thecstatirgin value of 0.3 was met.
Since the subsonic configuratioim fset was constrained to meet a desired static
margin of 1, additional fins were necessary to improve static stability.

Table4  Summary of optimization routine for a given vehicle configuration

Vehicle Diameter Length-to- Ogive No. of Fin Fin
configuration (inch) diameter length of fins chord span
OAL (cal) (cal)
Body-Fin 4 10 0.3 6 2 2
(Mp=0.5'0.9) '
Body-Fin
) 4 10 0.3 4 6 2
(Mp=1.21 4)

The lift-to-drag rati® across angle of attack and Mach numberbfath optimal
subsonic and supersordesigrs for the given BodyFin configuratiors computed
from Missile DATCOMarepresented iffrig. 4a and b, respectively

—6—a=0° —6—a=0" ||
—6—q=2° @ ——n=2" [,
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Fig. 4  Lift -to-drag ratios of both optimal a) subsonic andb) supersonicdesigrs for Body-
Fin configuration of 4-inch diameter, length-to-diameter of 10, and an ogive lent of 30% of
the overall length
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The computed lifto-drag ratios show that theptimal vehicle designachieve
valuesof approximately 3 at body angle of attack of 8° for eadpective Mach
regime of interestBoth configurations show that the maximum values oftdHt
drag the vehicles could achieve is approximaBely The results indicate that the
desired body trim angle for thesehicles is approximately 10Furthermore, the
results show that lito-drag ratios reduce considerably at trang and low
supersonic speeds, indicatitigat drag substantially increaseshe wave drag
produced in this regimes a large contributor to the overatletrimentin
performanceAlthough the results from Missile DATCOMdicatethat the lift-to-
drag ratios continue to climdt higher Machfuture NavierStokesCFD analysis
will need tobe performed to expre the hypersonic performanand add
confidence to these preliminary results.

3.2 Aerodynamic Characterizatioof Optimal Design

Higher fidelity simulationsvere performed to validate tliesign found from the
optimization process The inviscid flow solver package Cart3D was used to
compute the static aerodynamic coefficients across angle of attack and Mach
numbes and were compared to the results found from Missile DATCEdlire5
presents the axialorce (ab), normal force (c-d) and pitching momente-f)
coefficientsacross an@ of attack and Mach for both subsonic (a, c, e) and
supersonic (b, d, ®ptimal Body-Fin configuratiors computed from both Missile
DATCOM and Cart3D

Overall, the results from both Missile DATCOMn@ Cart3D show good
agreementThe axial force computed by the Cart3D is expected to be low since the
inviscid flow assumption neglectsscous effects, specificallghe skin friction
componentf drag. The normal force coefficieatcomputed from both methods
compare well at small angled attack across Mach numbéit higher angles of
attack, the values deviate, suggesting that high aoigitack nonlinear flow
physics are preseahdarenotwell predicted in theemiempirical prediction code
However, for body angles of attack less than 8°, Missile DATCOM is able to
predict normal force relatively accurately for bothnfeal projectile across Mach.
The largest discrepancieare observed for the predicted pitching moment
coefficients.The main contributor to this effect is the difference in the predicted
location of the center of pressure between Missile DATCOM and DarftBese
differences are more exaggerated for theimglt supersonic configuration.
Although the normal force was accurately predictieel center of pressure location,
and therefore pitchinpnomentwas not predicted welDverall, the Cart3D results
show larger valuesf pitching moment, specifically at lower angles of attack. The

results suggest that Missile DATCOM may provide a more conservative (i.e.
12



centerof pressure location predicted further forwatttereforereduced stability)
result when determining the stastability of low aspect ratio fin configurations.

0.45

(d) e

Mach Mach

Fig.5 Axial force (a-b), normal force (c-d), and pitching moment (e-f) coefficient across
angle of atack and Mach number for both subsonic (a, ¢, €) and supersonic (b, d,dptimal

desigrs for Body-Fin configuration computed from Missile DATCOM (solid) and Cart3D

(dashed)

Both Missile DATCOM and Cart3D data sources were combined in order to

improve the overall accuracy of aerodynamic coefficieistsd inflight trajectory
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simulation.The static aemynamic coefficients were compiled such thaty the

axial force coefficient usedias computed by DATCOM, whereas all other static
forces and moments were computed by Car8B, Cn and Gy). For 6:DOF flight
trajectory simulations, the dynaméerivatives compied from DATCOM were
utilized. This methodology ensured a more accurate representation of the flight
vehicle acoss Mach and angle of attadke updated liftto-drag ratiGé combining
Cart3D and DATCOM for both optimal subsonic and supg@csdesigrs are
presentedh Fig. 6a and b, respectively

Fig.6  Updatedlift -to-drag ratio s of both optimal a) subsonic andb) supersonicdesigrs for
Body-Fin configuration of 4-inch diameter, lengthto-diameter of 10, and an ogive lenth of
30% of the overall length

4. Conclusion

A PSOmethod incorporating a serampirical aerodynamic prediction code (i.e.
Missile DATCOM) was utilized to optimize the shape, sa®d position of control
surfaces for aigen baseline body projectil@he optimizatiorroutine converged

to designs that produced the maximumtiifidrag at a body trim artey for each
configuration.The selected designs were then further analyzed through tloé use
higher fidelity flow solvers in order to validate and to mature the aeraayn
model for each configuratiorzurtherassessments of the optimal desigising
higher fidelity flow solvers show that Missile DATCOM predicts the static
aerodynamic coefficients reasonably wellggesting that the routine is an efficient
tool in theinitial aerodynamic vehicle design procesglssile DATCOM was able

to predict the normal force coefficient fbigh aspect ratio finned projectiles
accurately at low angles of atta¢clowever,it was not able to predict the pitching
moment coefficient (am therefore center of pressurecation) well. The
aerodynamic data sources were compiled in a formal manner to improve the
accuracy of the aerodynamic database usédyht trajectory simulations.
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